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FOREVORD 


This  report  vas  prerarec  for  the  Air  Force  Office  of  Scientific  Research, 

Tnited  States  Air  Force  by  the  L'r.ited  Technologies  Corporation  Research  Center, 

Fast  Hartford,  oor.r.ec  ticat ,  -ander  Contract  Fd9b2C'-78-C-006d ,  Project  Task  No. 

2337  Ao  tll02  F.  The  rcrfcrr.ance  period  covered  by  this  report  was  iron  1  June  1978 
to  31  March  i?tl.  The  project  r.cr.itcrs  were  Col.  Robert  C.  Snith  (Ret.), 

Dr.  D.  J.  Sanaras  ana  Dr.  Janes  D.  Wilson. 

The  exper men tal  portions  of  the  investigation  were  conducted  in  the  UTRC 
Boundary  Layer  Wind  Tunnel.  This  facility  was  constructed  during  1977  and  underwent 
a  series  of  flow  quality  evaluation  tests  during  1978.  The  UTRC  U'nifcrn  Heat  Flux 
Flat  Wall  Model,  was  also  constructed,  instrunented ,  and  tested  during  1978.  Finail 
a  conputer  controlled  data  acquisition  systen  ^or  the  UTRC  Boundary  Layer  Wind  Tunne 
was  designed,  constructed  and  nade  operational  airing  1978.  The  construction  and 
evaluation  testing  of  the  Boundary  Layer  Wind  Tunnel,  Unifcm  Heat  Flux  Flat  Wall 
Moael,  and  Data  Acquis itio t  syster  were  conducted  under  UTC  Corporate  sponsorship. 

Contract  funded  effcrts  have  been  devoted  to  the  r.easurement  and  analysis  of 
the  heat  transfer  distribut_ons ,  boundary  layer  profile  and  turbulence  data  discusse 
in  this  report. 
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■tT.  Eyptgr ir:er.tal  and  .Irialvtical  Study  of  Boundary 
Lav<.rs  in  Kiehlv  Turbulent  Free-s treat:s 


STATC-IENT  OF  WORK 


services . 
r  0  s  i  ti  r  c I 

a.  For  fully  turbulent  boundary  layer  flow,  convective  heat  transfer  co¬ 
efficients,  boundary  layer  mean  velocity  and  tenperature  profiles,  wail 
static  pressure  distributions,  and  free-strean  turbulence  intensity, 
spectral,  and  longitudinal  integral  scale  distributions  shall  be 
measured  using  the  Contractor's  instruaented  flat  wall  installed  in  the 
Contractor's  Boundary  Layer  Wind  Tunnel.  These  data  shall  be  obtained 
witn  a  free-stream  turbulence  intensity  level  below  1  percent  for  two 
constant  free-strean  velocities  and  for  three  free-strean  turb'ulence 
levels  greater  tnan  1  percent  for  one  constant  free-strean  velocity 

(a  total  of  five  flow  conditions).  From  these  data  the  integral 
properties  (nonentun,  displacement,  and  enthalpy  thickness)  or  the 
ooundary  layers  will  be  calculated,  and  where  applicable,  the  profile 
data  will  be  reduced  to  the  "universal”  coordinates  for  turbulent 
boundary  layers. 

b.  Tr.c-  neasured  heat  transfer  distributions  and  turbulent  boundary 

profile  data  obtained  under  paragraph  a  above  shall  be  conparec 
predictiens  of  the  L'TRC  Finite-Difference  Boundary  Layer  deck, 
free-strean  turbulence  energy  entrainment  u  uiation  procedure 
current!'  iva.  rnorated  in  the  UTRC  deci:  wi:  evaluated  usinc 

c.  For  tran.' - tional  boundary  layer  flow,  convective  heat  transfer  co¬ 
efficients,  boundary  layer  mean  velocity  and  temperature  profiles,  wal_ 
static  pressure  distributions,  and  free-stream  turbulence  intensity, 
spectral,  and  longitudinal  integral  scale  distributions  shall  be 
neasureu  using  the  Contractor's  instrumented  flat  wall  installed  in 
th<''  Contractor's  Boundary  Layer  Wind  Tunnel.  These  data  shall  be  ob¬ 
tained  for  two  free-btream  acceleration  levels  with  two  free-stream 
turbulence  levels  each  for  a  total  of  four  flow  conditions.  From  t’.v- 
data,  the  integral  properties  (mnnicntum,  displacement,  and  enthalpy 
thicknes^j)  of  the  boundary  layers  -.111  'ne  calculated,  and,  w'nere 
applicable,  tiie  profile  dat.i  wi.l,  ,•  r.-auced  to  the  "unite r sal " 
coordinates  for  turbulent  bound,--.  •  laver.s. 
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d.  The  measured  heat  transfer  distributions  and  transitional  boundary 

layer  profile  data  obtained  under  paragraph  c  above  shall  be  compared 
to  predictions  of  the  UTRC  Finite-Difference  Boundary  Layer  deck. 

Tne  method  employed  in  the  L'TRC  deck  to  compute  transitional  boundary 
layers  flows  will  be  evaluated  using  these  comparisons. 


distributions  on 
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Ir.troved  tecbn iqu  =  s  for  calculatinc  heat  transfer  coefficient 
cas  turbine  airfoils  have  been  sough-t  by  engine  r.anufactur ers  for  the  entire  history 
of  th.e  industf-’.  The-e  :  eat  transfer  distributions  nust  be  l.novT.  sc  that  cooling 
scher.es  tan  re  tailot-c  to  nrccuc^  the  required  petal  tep.perature .  Accurate  heat 
transtc-r  rrcoi^tions  arc  an  essentia'  feature  of  gas  turbine  design  because  of  the 
need  to  raMinic-  perforrance  throunb.  p.inin.al  use  of  cooling  air  and  the  need  to 
p.ir.ir.ice  cevelcr-ent  costs  through  provision  of  adequate  airfoil  cooling  on  the 
initial  design. 
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izh 

.-~,cng  the  pete  obvious  benefits  tr.at  result  frop,  elip.ination  c: 
ucrd  aer odyr.ap.ic  coolini  penalties,  increased  burner  and  turbinc- 
V  rates  I’i.e.,  increased  power)  and  pot'ortially  reduced  cost  for 
tb-^-  airfcil  cooling  schene.  Fur tb.erp.ore ,  without  a  r.cre  co: — 

IfS  unders tand ing  there  is  the  likelihood  that  a  designer  will 
nd  the  range  of  validity  of  the  design  systep  calibration.  There 
•-•quirepent  for  the  ceveloppent  of  airfoil  heat  transfer  distri- 
rooccures  which  are  based  on  f uncapental  fluid  rschanics  and  heat 
great  i^-pw.acis  placed  on  the  ceveloppent  of  accurate  boundary 
•  ■■c on i cues  over  the  past  few  years  reflects  the  recognition  of 
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topic  in  the  general  ..'r.te>:t  cf  turbine  airfcil  con- 
v.^nce  cf  the  freet::'...-  turbulence-  on  both  transi- 
lay;,r  profile;  ce'.'-.  * .  ppent  .  It  has,  of  course  , 

.  .:vt  chv  freestreap  tur:uicnc-:-  level  can  cause  a 
■  urbcl^n:  transition  region.  Tb,is  particular 
r:ound.ary  layer  crar..sition  Ro;.'nolds  nup.ber  with. 

.  :vei,  is  well  docup.-er.ted  in  cne  open  literf.re 
no  car  be  accuratvl’-  predicted  with  at  least  one 
.  r  prediction  schep.t.  Tiit  influt-nce  of  the  free- 
..nt  boundarv  lavers,  b.o'wover,  i.s  less  certain, 
tudiec  tne  effects  of  free.'trcap  turbulence  level 
'  ,!ver  beat  crar.:'.f(r  routes  anc  have  reported  conflict- 
b.as  shown  s  ;  on  i  f  i  r  an  t  e’fects  of  tb.e  free- 
er  wr.ile  a  second  cr.'up  'na.-  indicated  negligible 
experipent:  wi.i  .  up-  ntec  thi  effects  o;  iree- 

"•--r  gro'v.-tr. ,  pro*;'.  truciure.  and  SKin  friction 


and 


ition  ccr.si-'tcaiiv  rercrtec  verv  lar 


ir.porcant  inriuences, 


current  contract  vas  c 
wall  I. eat  transfer  anc 


:ted  in  order  to  clarifv  these  contradictions.  Both 
iiled  bonndarv  laver  rrofile  data  were  obtained  for  fullv 


turbulent  boundar'.'  lavers  for  a  range  of  freestrear.  turbulence  levels  to  provide 
data  which  will  def  ir.itivelv  indicate  the  influence  that  freestrear-.  turbulence  level 
has  on  full}'  turbulent  boundarv  laver  heat  transfer.  In  addition,  these  experi¬ 
mental  data  'worv  e-.tloved  to  evaluate  the  turbule..ce  entrainment  models  currently 
inccrtcrated  in  an  existinc  boundarv  laver  calculation  technicue. 


\e  eriects  or  treestream.  turoulence  on  tne  zero  nres- 


sure  era: 


:ndar\'  laver  transition  Kevnolds  number  are  well  understcod.  The 


int^uence  o:  tne  treestream, 


irbulence  on  the  transition  process  becomes  considerably 


le.ss  well  defined,  however,  for  cases  in  which  the  boundary  layer  is  also  exposed 
to  a  pressure  cracient.  The  net  result  of  the  com.bined  influence  of  turbulence 
and  pressure  giddient  is  dependent  upon  the  sizr.  of  the  pressure  gradient  and 
the  relative  strencth  of  the  two  effects.  For  adverse  pressure  gradients  both  the 
turbulence  and  tne  c ece l-3''at ion  orcr.ote  the  transition  process  and  in  this  case  the 


nowever . 


raster,  t :  an 


sition.  For  favcrable  pressure  zradients, 
to  stabilize-  the  boundarv  laver  and  tends  to 


counteract  tb.e  effect  of  the  freestream  turcul-ence.  This  interplay  of  pressure 
gradient  and  turc';i-ence  results  in  at  leas:  two  effects  on  the  transition  process: 
I'D  tne  Iciat^cn  cf  the  onset  of  transition  is  infiuencac  and  ;2)  the  length 
and  ^'..aracter  of  the  transitional  boundary  layer  flow  region  m.av  be  altered  signifi- 
car.tl'.'.  At  tne-  present  t  ir:e ,  cnlv  very  lim.ited  tjxper  im.ental  data  cccur.ent  ing  these 
effect-  ar--  avai.able.  To  further  com.plicatc-  the  matter,  m.uch  of  the  currentlv 
availallc  data  are  ccntradictory  masing  it  impossible  to  assess  the  relative  quality 
of  boundar;.'  la'-'er  talculatior.  techniques  for  these  flews.  For  these  reasons,  as 
part  of  ti'.e  .;re^--r.t  contract  boti.  wall  hu-at  transfer  and  detailed  velocity  and 
temp-.  r,ituri  trcfilv  data  were  obtained  for  acceleratinc  tran  ■  it  ional  boundary  layer 
flew-  •.:;:c--e:  t.  lien  fruustream  turnulence  levels.  Thesv  cata  were  utilizec  tc 


resent  contract  prccram.  prcvide.s  wall  heat  tran.'-fer  and  detailed  mean 
r  profile  develcpr;ent  data  required  to  d-ei. '".rr.e  the  influence  of 
t  -ince  level  on  hot':,  fully  turbulent  ar-  c-.i-irating  transitional 

r.'-ir-.  T'lfSt-  data  are  fundamental  in  natur-  .  :.u  can  be  employed  by  both 
roe  r;-'  in  the  field  of  boundarv  laver  enutation  for  evaluation  of 
m.odeis.  In  addition,  the  contract  e;-;per  im*.  ;.t  -  provide  a  valuable  body 


;  d  e  t  a 


tiled  :ieat  tranefer  and  boundarv  layer  profile  d;i;a  directly  relevant  to  the 
“  predicting  ieat  tran.sfc-r  d  is  t  r  i  :.”j  t  ions  on  gas  turtine  airfoils.  Finally, 

:  ioned  above,  tiic  in  f  orm.nt  ion  could  re.sult  i:.  more  accurate  blade  heat  transfer 
■ation  pre.::cti.cn  1 1  c  i-.n  1  cues  and  thereby  the  -ert-  efficient  use  of  :lade 


cor.sistec:  o:  tne  cocur.er.rat lor.  anc  anal’-'Fis  o:  exDcr mental 


^utlons  anc 


prefile  and  heat  transfer  data  to  deterr.ine  the  influence 
on  transitional  and  fully  turbulent  boundary  layer  flows- 
:  pressure  gradient  boundary  laver  flows  the  following  data 
;  of  freestrear.  turbulence  intensities:  convective  heat 
tundarv  laver  near,  velocity  and  ter.perature  profiles;  test 
t'-'houtions  and  freestrear.  turbulence  intensity,  spectral 
L  scale  distributions.  “nese  sane  r.easur en.ent s  were  obtained 
of  favorable  pressure  gradients  and  freestrcac.  turbulence 
Toundarv  laver  flows.  Fron.  these  data  the  intecral  prorer- 
■■  lavers  were  calculated  and,  where  applicacle,  the  profile 
"universal"  coordinates  for  turbulent  boundary  layers  U"^, 
neasured  heat  transfer  distributions  and  boundary  laver 
cor.pared  to  predictions  of  the  lT?,C  Finite-Di: :  erence 
sse  par  isons  were  cn.ploved  to  evaluate  the  conputation 
'rated  in  the  I'TRC  deck. 
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STATUS  OF  ^HE  RESEARCH  EFFuRT 


Under  this  ccntrast,  res-^arc:;  was  ccnducted  to  exar.ine  two  aspects 
of  boundary  layer  flow;  topic  (1)  the  influence  of  free-streat;  turbulence  on 
zero  pressure  gradient,  fully  turbulent  boundary  layer  flow;  and  topic  (2)  the 
combined  effects  of  free-stream  turbulence  and  favorable  streamwise  pressure 
gradient  cn  transitional  boundary  layer  flow. 

For  topic  vD  enter in.ental  convective  heat  transfer  coefficients,  boundary 
layer  nean  velocity  and  temperature  profile  data  and  wall  static  pressure  dis¬ 
tribution  data  were  obtained  for  five  flow  conditions  of  constant  f ree-stream 
velocity  and  free-stream  turbulence  intensities  ranging  from  apprcnir.ately  i/-^J. 
to  72.  Free-stream  r.ul ti-component  turbulence  intensity,  longitudinal  integral 
scale,  and  spectral  distributions  were  obtained  for  the  various  turbulence  levels. 
These  data  fulfill  task  "a"  of  the  Statement  of  Work.  In  addition,  in  fulfillment 


task  "a"  and  prediction  of  the  UTRC  Finite-Dif f erence  Boundary  Layer  Deck.  A 
technical  report  ^Ref.  1)  "UTRC  R80-?ld36S-i2 ,  The  Influence  of  Free-Stream 
Turtulence  on  the  2ero  Pressure  Gradient  Fullv  Turbulent  Bo'undary  Layer"  was  pre¬ 
pared  describing  the  details  of  the  work  ccnducted  for  topic  (1).  Reference  1 
contains  the  follcwing:  (1)  a  complete  description  of  the  newly  constructed  witid 
tunnel  in  which  these  OMteriments  vere  conducted  as  well  as  details  of  a  series 


tunnel  in  which  these  OMteriments  vere  conducted  as  well  as  details  of  a  serf 
of  flow  quality  evaluation  tests  of  the  facility,  (2)  details  of  the  boundary 
laver  and  turbulence  data  accuisition  and  analvsis  techniques  ecoloved,  (3)  m 


layer  and  turbulence  data  accyaisition  and  analysis  techniques  employed,  (3)  multi- 
component  free-stream  turbulence  intensity  distributions  and  longitudinal  integral 
aeaxc  an..  ..o.  rj.Ox  .c..i.*..ti.cna,  (-t)  Ctanton  n  umb  e  r  s ,  s  to  in 

friction  coefficient'^,  '■'oundary  layer  .Tofile  and  integral  property  data  (momentum, 
displacement  and  entr.alny  thicknesses)  for  all  flow  conditions,  (5)  an  analysis  of 
the  experimental  results  and  {n',  comparisons  of  the  present  experimental  results 
'■*ttr.  p  c  ^c  *"  t  on.  s  ot  tCie  LixC  ir.tte  — oti  icrence  nouncc-ry  Layer  Lode,  In  addition, 
a  data  re .  r t  A-.e f .  1  -  UTRI  '  •  c- - ■.■-38e-13  "Find  ta  ReP'^r'--'iol  ■  T  -  Ve'ncitv 


.fc  J  . .  r-.'  Ox  w.  i  o 


In  addition. 


V  e  '  n  c :  t  %• 


•t  Pressure  Gradient,  Fullv  Turbi 


lor  uOpiC  (xy  W3  s 


L.a y r  3  ■  -L'j z a  1  t. ric  r c c o  .  i  r.  o  T’  -  r  -  c  t. *o d  p ro  i  i.  1 1:  d j.  L o  lor  ^ o p i c  x )  s 

assemcled.  J.umercus  data  tu-.ity  checks  and  measurements  to  insure  data  consis¬ 
tency  were  obtained  during  tl.-.  ccurse  of  this  experiment.  In  addition,  for  appli- 
caele  cases,  comparisons  wer  :■  de  between  data  obtained  in  the  present  program  and 
the  results  of  otr.er  worker.  .  Ids  in-depth  examination  of  the  present  data  indicated 
that  the;.'  were  of  extrec.ei'.  quality  and  free  of  anomolies. 
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data  i::C.,aces  that  the  heat  transfer,  skin  friction,  velocity 


tho.t  for  gas  turbine  applications, 
sxtrec.ely  high,  the  induence  of  the 
Ld  bt-  signi icant . 


1.  For  zen  press;  urc  e.radient,  turbulent  bounu..r-  laver  flow,  the  'skin  friction 
eu*; :  f  1  ,  ’.ent  in-reav.'  witi.  increasing  :  re-e-s  t  rear,  turbulence  level.  As  an  examde. 
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